Introduction
Recent works devoted to the application of rotating magnetic fields (RMF) to solidification processes have shown a marked impact of the RMF onto the micro-structure evolution [1, 2] , in particular stimulating a grain refinement [3] in combination with an early onset of the columnarto-equiaxed transition [1] . Beside the modification of local undercooling due to an enhanced heat and mass transfer in the melt stopping the columnar front, another important source for the preferred growth of equiaxed grains in the melt is seen in the fragmentation of secondary dendrite arms. So one may conjecture that a well-developed structure of long side-arms may promote this even further. Indeed, such a highly regular side-arm branching of a dendrite can be achieved in resonance situations by a temporally periodic modulation of physical quantities. This has been shown for a series of laser pulses [4] , for an oscillating flow [5] or by both pressure and electric current modulation [6] .
In view of the recent effort to use temporally modulated RMF's [7, 3] and tailoring the flow on the macroscale, an improved understanding is also required of the impact of the flow oscillations on the dendritic microstructure. Theoretical models exist which describe the operating state of the tip [8, 9, 10, 11] (and references therein) under steady-state conditions for the purely diffusive growth of free dendrites, and even to some extent for the presence of flow. Despite of the practical relevance, only a small number of works analyse the dendrite growth under transient conditions [12, 13, 14, 15] . They report an instantaneous response of the dendrite tip velocity while changes in the tip radius appeared delayed. However, the impact of flow has not yet been addressed systematically. Therefore, the focus of this communication is on analysing the response of a free dendrite to a modulated convection. To reduce complexity, we restrict ourselves in this study to a pure substance, i.e. we consider a thermal dendrite. In analogy to [7, 3] , where a sequence of Lorentz-force impulses was imposed on the melt, a sequence of velocity impulses is used here to model the periodic velocity variations, which are characteristic for this kind of modulated forced convection. To our knowledge the current work is the first numerical study of the effect of periodic-flow-induced forcing on dendrite morphology that responds qualitatively to phenomena as reported by Bouissou [5] .
Phase-field model with modulated convection
To model the solidification of a pure substance we apply the phase-field model by Karma and Rappel [16] , originally developed for the purely diffusive case. The evolution of the phase-field variable Ψ ranging from −1 in the liquid to 1 in the solid phase is described by
for a two-dimensional problem. Here u ≡ (T − T m )/(L/c p ) refers to the dimensionless temperature where T m , L, c p are the melting temperature, latent heat and the specific heat capacity, respectively. The anisotropic interface energy and kinetics are functions of the interface; normal and are given as W (n) = W 0 a s (n) and τ (n) = τ 0 a s (n) 2 . The anisotropy function a s (n) for a fourfold crystal symmetry reads
with 4 representing the anisotropy strength of the surface energy. In the case of vanishing interface kinetics the phase-field parameters are related to physical quantities in the thininterface limit [16] , namely to the thermal diffusivity, D, and the capillary length, d 0 , according to
where a 1 = 0.8839 und a 2 = 0.6267 are numerical constants. To incorporate the melt flow, we follow the approach of Beckermann et al. [17] according to whom the conservation equations for mass and momentum, assuming constant material properties for the solid and liquid phase, are given by
where v, p, ρ and ν stand for the flow velocity, pressure, density and kinematic viscosity of the melt. In these equations, the re-written phase-field variable Φ = (1 − Ψ)/2, which can be interpreted as a liquid fraction, implicitly describes the flow domain. The last term in (5) introduces a dissipative drag force acting over the diffuse interface region, which gives a diffuse representation of the usual boundary forces resulting in '"no-slip" walls. For a choice of h = 2.757 the corresponding sharp interface solution is matched independently of the diffuse interface width [17] .
Finally, for the energy equation the following holds:
The initial and boundary conditions are as follows: A seed of size 10d 0 , with its crystal axes aligned with the coordinate axes, is placed in the middle of the square domain. It is exposed to an undercooled melt which enters the domain as a parallel flow with a uniform velocity v in (t), see Fig. 2 . Free slip conditions are imposed on the horizontal sides of the domain. The dimensionless melt temperature at the inlet and at t = 0 is set equal to −∆, where ∆ is the dimensionless undercooling.
To force enhanced side-branch growth, an additional term to model a zero-mean artificial uncorrelated noise was included in the simulation of the diffusive growth. The computations with the velocity modulation were performed without noise since it turned out that the external forcing dominated the side-branch selection.
The entire problem was implemented using the FEM toolbox AMDiS, which enables the application of sophisticated parallelisation and mesh adaptation techniques [18] . A single triangular mesh was employed for all equations, locally refined by bisection to meet the maximum spatial resolution required by the equations involved. For the phase-field a constant element size of ∆x/W 0 = 0.6 is forced inside an interface region of fixed width. The hierarchical mesh coarsening normal to the interface, together with a maximum limit for the element size, guarantees an adequate resolution for both the flow and advected temperature equations.
Since a semi-implicit time stepping scheme was used for the phase-field equations, it was possible to choose a time step size which was larger than for explicit codes. Since there is no stability limit in our case, the appropriate time step size, here ∆t = 0.25τ 0 , was selected in order to reach converged values for the operating state of the fastest-growing tip. Because of the large discrepancy between the different time scales it was found that in accordance with other work [9] a time step greater by a factor of ten than for the phase-field equations was sufficient to obtain accurate results for the flow problem. In addition, the flow problem was treated in a quasi-stationary manner to better distinguish between transient effects resulting from transport and phase-transformation mechanisms and those caused by transitional transient states in the flow, which are present only for a short time in the case of sufficiently low Reynolds numbers.
In the following all variables are given in dimensionless form using 
Results
We investigate the growth of a free dendrite with an imposed parallel flow inside a quadratic domain with the dimensions 1200x600 in terms of W 0 for a half model. To validate our implementation, in fig. 1 we compare the tip velocities computed for a free dendrite growing in a constant parallel flow. A good agreement with the literature [9] is found for the stationary tip-states. The inflow velocity is now subjected to a time-periodic modulation as shown in fig. 2 with a symmetrical square pulse of variable period t p . Fig. 3 demonstrates that when the pulse period is properly selected, here at t p = t r = 3200, a highly amplified and regular side-branching can be stimulated in the flow-facing direction. Due to a stretching of the thermal boundary layer, the morphology evolution is inhibited in the wake direction. In fig. 3b a new method is shown for the automated analysis of advanced morphological features, based on the medial-axis transform to obtain the topological skeleton of the dendrite shape. This faciliates the observation of quantitative geometrical parameters of the shape and their temporal evolution such as side-branch spacings, initiation points, orientations, tip radii and positions. A more detailed description will be given elsewhere.
(a) (b) Before going into more detail about the characteristics of side-branching, we first study the response of the dendrite tip with respect to the sequence of rectangular velocity pulses. In fig. 4a we plot the normalised values of both tip velocity and curvature over several pulses at t p = t r while fig. 4b shows the behaviour for a range of different pulse durations. This is achieved by normalising the time with respect to t p so that the different periods can be mapped into the interval 0 ≤ t/t p ≤ 1. The simulations in this figure were performed by using D=1 instead of D=2 in order to achieve a higher accuracy in the local tip values at the expense of higher computational resources. To increase computational efficiency, D=2 was used for all other simulations because the maximum error with respect to the tip-state variables is still less than ten percent whereas the global morphology remains unchanged.
When inspecting the upper row showing the tip velocity, V , we observe a saw-tooth-like response, i.e an exponential behaviour with respect to a change of the flow state. As soon as the parallel flow is switched on, the tip velocity increases. While a steady state is approached for longer pulse periods this is not the case for period times below t r . After the flow is switched off, only thermal diffusion is operating, and the tip velocity relaxes on a larger time scale towards a steady value which is slightly lower than the value for the non-modulated reference case, cf. fig. 4a , bottom. From fig. 4b it can be observed, that tip velocity and curvature are correlated, i.e. with increasing tip velocity the radius of the tip decreases. The question how the mean tip curvature may affect the responsiveness of the tip onto sudden changes of the growth conditions remains a subject of subsequent works. We remark that a general problem exists regarding the evaluation of high tip curvatures as they occur at high . Here, the steep rise of the curvature toward the tip, causes a notable uncertainty in combination with the limited number of grid points in vicinity of the tip. This may lead to a cutoff artifact for rapidly increasing tip curvature which possibly is still present in fig. 4b , bottom. Furthermore, we found that temporal behavior of the temperature in vicinity of the tip during the pulses corresponds qualitatively with that of the tip velocity. We next examine the impact of the particular behaviour of the tip on the side-branching activity for different pulse periods t p in fig. 5 . Here, the left column shows the corresponding dendrite contours together with the reference case of the non-modulated flow. The right column contains the spectra of the side branches at three different positions z i (i=1,2,3) behind the tip, measured in a co-ordinate system pinned to the moving tip. The spectra of the positions z 2 and z 3 were shifted so that the location of the first maxima of all three z i overlap. Here, the amplitudes of the side branches were determined as the perpendicular distance between the centreline at the position z i and the interface. Note that the flow modulation causes a division of the primary dendrite stem into periodic segments of length z p , determined by the tip velocity and the pulse duration according to z p ∼ V t p . The resulting side-arm development depends on the ratio between z p and the naturally favored wavelength. The spectra (d-f) show that close to the tip, the interface amplitude follows the external forcing. As the distance increases, additional perturbations (cf. f ) evolve in the form of higher harmonics of 1/t p . This is the consequence of a competition of multiple side-arms in a single segment z p , see c. Fig. 5 shows that the most regular side-branching structure displaying the largest amplitude is obtained for t p = t r while either smaller amplitudes (a and d) or irregular side-branching (c and f ) occurs for smaller or larger t p , respectively. The resonant case is characterised by a maximum growth of the amplitude in fig. 5(d-f) . Additionally, we note that for t p = t r the remaining cross-section of the primary dendrite trunk approaches a minimum. As a result, a structural weakening may occur due to a stress concentration around the trunks of the secondary arms. To conclude, it was shown that a flow modulation with an optimum pulse duration t r may lead to a resonant side-branching, by means of which a highly periodic array of side branches with elongated amplitudes can be achieved. To adapt t r toward different materials or growth conditions it is important to understand the influence of the key parameters undercooling, anisotropy and mean flow velocity onto the operating state of the tip and the resulting natural wavelength. These will be elaborated in a more detailed study which is in progress.
